In recent years, cancer electrochemotherapy (ECT), gene electrotransfer for gene therapy and DNA vaccination (GET) and tissue ablation with irreversible electroporation (IRE) have all entered clinical practice. We present a method for a personalized treatment planning procedure for ECT, GET and IRE, based on medical image analysis, numerical modelling of electroporation and optimization with the genetic algorithm, and several visualization tools for treatment plan assessment. Each treatment plan provides the attending physician with optimal positions of electrodes in the body and electric pulse parameters for optimal electroporation of the target tissues. For the studied case of a deep-seated tumour, the optimal treatment plans for ECT and IRE require at least two electrodes to be inserted into the target tissue, thus lowering the necessary voltage for electroporation and limiting damage to the surrounding healthy tissue. In GET, it is necessary to place the electrodes outside the target tissue to prevent damage to target cells intended to express the transfected genes. The presented treatment planning procedure is a valuable tool for clinical and experimental use and evaluation of electroporation-based treatments.
Introduction
When cells are exposed to high electric fields of sufficient magnitude, the cell membrane becomes permeabilized. Electroporation, as the phenomenon has been named, results in inflow/outflow of various molecules that are otherwise unable to cross the membrane (Sale and Hamilton 1967) . Usually, the electric fields are induced by electric pulses delivered to 1 Both authors contributed equally to this work. cells/tissues via needle or plate electrodes; by controlling the electric pulse parameters it is possible to control the level of electroporation, either reversible-caused by electric fields above the reversible but below the irreversible threshold-or irreversible that in time causes cell death (Neumann et al 1982) . As electroporation is effective regardless of cell type-i.e. it works in prokaryotic and eukaryotic cells, mature neurons, as well as stem cells (Dunny et al 1991 , Costa et al 2007 , Jordan et al 2008 -it has become a ubiquitous biotechnological and biomedical tool for inducing molecular transport into and out of biological cells (Pakhomov et al 2010) , with uses ranging from food processing (Morales-de la Peña et al 2011, Sack et al 2010) and in utero gene transfection (Garcia-Frigola et al 2007) to medical treatments, such as: (1) cancer electrochemotherapy (ECT) , Mir et al 1991 , Testori et al 2011 , (2) gene electrotransfer for gene vaccination or gene therapy (GET) (Heller et al 2006 , Luxembourg et al 2007 and (3) tissue ablation with irreversible electroporation (IRE) (Davalos et al 2005 .
Although ECT, IRE and GET all utilize membrane electroporation, the nature of the desired effects requires that different electric pulse parameters be used for each of them. For ECT, it is necessary to reversibly electroporate tumour cells so that chemotherapeutic drugs can enter and cause cell death (Sersa et al 2008b) . Although sufficient concentration of drugs in the cancer cells is the main cause of cell death, the contribution of irreversible electroporation can sometimes be substantial and is therefore tolerated. In GET, reversible electroporation is necessary to achieve DNA transfer and the resulting expression of therapeutic molecules. However, in contrast to ECT, irreversible electroporation has to be avoided as dead cells do not express the transferred genes; electric fields that generally produce the best results are far below the irreversible electroporation threshold (Gehl et al 1999) . IRE requires the target tissue to be covered with an electric field above the irreversible electroporation threshold ; however, the electric field has to be below magnitudes that would cause significant thermal damage (Shafiee et al 2009, Zupanic and .
While electroporation of any cell type is possible, the exact parameters necessary for electroporation (i.e. the duration and magnitude of electric field that causes electroporation) of different cell types differ considerably, partly due to their different size and partly due to other cellular, or when electroporating tissues, extracellular biological differences (Kotnik et al 1997 , Valic et al 2003 , Kanthou et al 2006 , Rols and Teissie 1992 . Since tissues usually incorporate many different cell types, determining the optimal parameters for each application and for each tissue is both demanding and time consuming (Sel et al 2005) . Furthermore, knowing the optimal parameters is not enough for successful medical application; it is also necessary to ensure that they are achieved in the whole target tissue and that damage to healthy tissue is kept at a minimum. This requires exact positioning of the electrodes around the target tissue and delivering electric pulses of appropriate amplitude, duration and number. For ECT and IRE, an optimal treatment would include reversible/irreversible electroporation of the whole target volume, while minimizing electroporation of healthy tissues . For GET, it is harder to define the exact target volume; however a recent study has demonstrated that it is possible to control the amount of gene expression after transfection by controlling the volume of electroporated tissue (Bureau et al 2010) ; therefore, if the relationship between gene expression and clinical response is known, it can be controlled by the electroporation parameters. It is worth noting that standard operating procedures have been defined for ECT of smaller skin tumours (below 3 cm diameter) that have so far been the main target of ECT, and they include exact guidelines for positioning of the electrodes and the amplitude of electric pulses (Mir et al 2006) ; however, these procedures do not provide guidelines for internal tumours, or tumours of larger dimensions and more complex shapes, which require a more involved pre-treatment planning.
In several recent studies, the utility of numerical modelling in predicting electroporation outcomes has been demonstrated (Miklavcic et al 2000 , Pavselj et al 2005 , Sel et al 2007 , Edd and Davalos 2007 , Garcia et al 2010 , Mahmood and Gehl 2011 . Our group is developing a treatment planning procedure for ECT of superficial and deep-seated tumours by combining medical image analysis, finite element modelling of electroporation and a genetic optimization algorithm , Pavliha et al 2012 . The genetic algorithm is used to change the location and electric potential of individual electrodes in the numerical models, until a good enough solution is obtained. Recently, we have used the treatment planning procedure for ECT of deep-seated tumours and also analysed the treatment planning robustness to errors in assigned tissue properties and errors in electrode positioning during treatment . The procedure is currently being tested in a clinical trial of ECT of liver metastases at Institute of Oncology Ljubljana (EudraCT number 2008-008290-54; ClinicalTrials.gov (NCT01264952)) (Edhemovic et al 2011) .
In this paper, we demonstrate that the treatment planning procedure that has been used before for ECT treatment planning can also be used for GET and IRE treatment planning. We can achieve this, by using the same mathematical model of electroporation and optimization procedures, but with the objective functions defined specifically for each treatment. We also propose several complementary ways of visually presenting the treatment planning data in the clinical environment. Furthermore, by comparing optimization results, we provide general guidance on positioning of the electrodes, including the number of required electrodes inserted in the target tissue.
Methods

How electroporation is performed in current electrochemotherapy clinical trials
The ECT procedure that is the base of the treatment planning algorithm presented in this paper depends on the properties of the equipment used to generate and measure electric pulsesCliniporator Vitae (IGEA, Carpi, Italy). With Cliniporator Vitae, a train of high-voltage electric pulses is applied on two electrodes (one anode and one cathode) at a time. Currently, eight 100 μs pulses with a repetition frequency of 1 Hz or 5 kHz are used; these are the parameters, for which electroporation thresholds have been determined in several tissues (Miklavcic et al 2000) . The voltage can be adjusted by the user-medical doctor. If more than two electrodes are inserted into the tissue, trains of pulses can be applied on all possible pairs of electrodes, or only on particular pairs, defined by the treatment plan. In our study, we used 4, 5 or 6 electrodes inserted into the tissue. Electric pulses were applied to most possible pairs; in case of four electrodes, pulses were applied between electrodes 1-2, 1-3, 1-4, 2-3, 2-4 and 3-4. In case of five or six electrodes, more pairs are available and more pulses are thus applied. After all electric pulses are satisfactorily applied during a treatment, the electrodes are removed and the procedure is, for the electroporation part, over.
Model geometry
The model geometry used in the study was taken from a recent clinical case of ECT of a melanoma metastasis in the thigh of a patient. Briefly (for details, see Miklavcic et al (2010) ), the model geometry was constructed from 32 CT images of the thigh (slice thickness 2.5 mm and pixel size 1.172 mm), with the tissues in the region of interest (tumour, muscle, fat) first delineated by an expert and then exported into COMSOL Multiphysics (version 3.5a, COMSOL, Sweden) with an algorithm written in Matlab (version 2009a, Mathworks, USA). The resulting three-dimensional model, with added electrodes (1.8 mm in diameter and 10 cm in length, with a 4 cm conductive region at the top), is shown in figure 1. All tissues were considered isotropic and homogeneous, with conductivity values, before and during electroporation, and reversible electroporation thresholds the same as in Miklavcic et al (2010) and references therein, with the exception of muscle electroporation thresholds that were set lower as a result of recent measurements .
Mathematical model of electroporation
The sequential model of tissue electroporation that takes into account changes in electrical conductivity in the duration of electric pulses was used for all calculations (Pavselj et al 2005 , Sel et al 2005 . Details on the reasoning behind the sequential model and implementation in COMSOL Multiphysics can be found in Pavselj et al (2005) . Briefly, the sequential model is superior to other current tissue level electroporation models in that it is able to accurately predict the electric current during the pulses and also better predicts the electroporated volume (Sel et al 2005) . Mathematical simulation of electroporation with the sequential model includes: step 1-solving the Laplace equation for static electric currents:
where σ is tissue conductivity and V is electric potential, and the boundary conditions are constant potential (V = const.) on the surface of the active parts of the electrodes, continuity (n · (J 1 -J 2 ) = 0-normal current density is continuous on both sides of the boundary) on all other interior boundaries and insulation (n · J = 0-normal current density across the boundary is zero) on the inactive parts of the electrodes and outer boundaries of the model, respectively; step 2-irreversibly changing electrical conductivity due to electric fields above the electroporation threshold:
where σ 1 and σ 2 are electrical conductivities of non-electroporated and electroporated tissues, respectively, and E irr and E rev are the thresholds of irreversible and reversible electroporation, respectively; step 3-sequentially repeating steps 1 and 2 until a steady state, when the conductivity does not change in sequential steps, is reached.
Optimization
Optimization with a genetic algorithm (Holland 1992 ) was used to determine the optimum electrode positions and voltages between pairs of electrodes used to deliver the electroporation pulses. The genetic algorithm was written in Matlab and was run together with the finite element models using the link between Matlab and COMSOL Multiphysics. The details of the basic algorithm can be found in Zupanic et al (2008) , while here we report the specific implementation and supplemental features. The genetic algorithm works by first defining an initial population of treatment plans (electrode number, positions and voltages applied between all pairs of adjacent electrodes). The quality of the treatment plans is then evaluated using a specifically defined fitness function (see equations (2.4)-(2.6) for the fitness functions used in this study). Treatment plans are, with a probability proportional to their quality, later selected for 'reproduction' by mathematical operations of mutation or cross-over. In this study, the population size was 30, in each generation all solutions except top three (elite) were replaced, and the algorithm ran for 300 iteration before stopping. The mutation rate was 50% (50% cross-over) in the first iteration and then dropped to 5% (95% cross-over) in the last iteration. When choosing the electrode positions and voltages between the electrode pairs, the following constraints were used: electrodes penetrating the tumour were positioned in parallel, normal to the yz plane (figure 1), 1 cm apart, while electrodes positioned around the tumour had to be more than 0.5 mm and less than 3 cm from the tumour boundary; all electrodes were positioned so that the tip of the electrodes was at the same depth as the deepest part of the tumour; voltages between pairs of electrodes (in clinical ECT electric pulses are delivered sequentially between pairs of electrodes) ranged between 500 and 3000 V, which is the range of Cliniporator Vitae (IGEA, Carpi, Italy), the device currently being used to deliver electric pulses in clinical ECT at the Institute of Oncology in Ljubljana; there was also the option of 0 V between the electrodes, in which case the pair of electrodes was not included in the calculations. By using these constraints we avoided positioning the electrodes at the very edge of the tumour, which has been shown to be extremely difficult in clinical ECT and also causes problem for the meshing algorithm used in COMSOL Multiphysics. At the same time, we avoided positioning electrodes too far from the tumour, which could not guarantee complete coverage of the tumour with an electric field of sufficiently high magnitude. Additional constraints were the maximum electric current allowed (50 A, Cliniporator Vitae)-when the current exceeded 50 A, the treatment plan's fitness was changed to zero-and the number of used electrodes-limited to 4, 5 or 6. Because it is not possible to cross-over two treatment plans with different numbers of electrodes, the number of electrodes in the 'offspring' was determined randomly. Optimization was also performed using only sets of 4, 5 or 6 electrodes in a single optimization, to determine the efficiency of the algorithm of choosing the correct number of electrodes, but also to compare the optimum solutions in each specific case (it is wise to prepare more than one good enough treatment plan, in case insertion of some electrodes is not possible due to, e.g., the mobility of the tumour ). As the results of the combined optimization (4, 5 or 6 electrodes) did not significantly differ from best treatment plan of individual optimization, we only report the individual results here.
Separate fitness functions were defined for ECT, IRE and GET, after consulting with medical doctors involved in the ECT clinical trial at the Institute of Oncology, Ljubljana. For instance, fitness functions (equation (2.10)) for ECT were set according to the following reasoning:
( 2.3)
It is most important to cover all target tissues ( t ) by an electric field above the reversible thresholds ( rev ); keeping healthy tissues ( c ) (in our case, muscle and fat) from being damaged by irreversible electroporation is less important; keeping the tumour from being damaged by the electric field above the irreversible threshold ( irr ) even less important; and keeping the healthy tissues from being reversibly electroporated is the least important. Therefore the weights in equation (2.3) were set as a t > b c > c t > d c . Similar arguments lead to fitness functions for the optimization of IRE, as seen in the fitness function for ECT (2.4), GET (2.5) and IRE (2.6): is fat tissue. It should be stressed that the weights chosen for these fitness function are specific for this particular case, namely for a tumour on top muscle tissue, surrounded by fat. If the tumour was located near a vital tissue, such as the heart or the spine, the weights preventing damage to these tissues should be set higher. In general, the weights should be adjusted for each treatment and each patient.
Visualization
The first visualization approach is the overlay of the original CT images and the output of the model-the increases in tissue conductivity caused by electric field exceeding the electroporation thresholds (figure 2, supplementary file Electroporation_cross_section_images available from stacks.iop.org/PMB/57/5425/mmedia). The overlays were generated in Matlab using the built-in post-processing interpolation function of the COMSOL-Matlab link (postinterp). The function allows for interpolation of any result on an arbitrary threedimensional grid. This allowed us to extract the results in a grid that corresponds on a pixel-by-pixel level with the original CT images.
The algorithm for extracting the results was as follows. For each subdomain in the COMSOL model (there were a total of two subdomains for the tumour tissue, five subdomains for the muscle tissue and one subdomain for the fat tissue), the interpolation was performed to determine where the conductivity increased. The increase of conductivity in the model is directly related to the maximum electric field strength and consequently also to the degree of electroporation (Pavlin et al 2005) .
The other visualization approach is the cumulative coverage plot, which represents cumulative coverage of tissues by electric fields above the electroporation threshold after the complete sequence of pulses has been applied (cumulative coverage plot-figure 5). Together with the individual electrode-pair contributions presented in figure 6 , these visualizations enable a quantitative means of comparing different treatment plans. Cross-section plot of electroporation, slice 18 in the original CT images. The crosssection shows the degree of electroporation achieved by the proposed treatment plan for ECT with four electrodes, relative to the maximum reached electric field strength in the cross-section. The overlay consists of three colour progressions, with each colour indicating fields at or above the numerical value indicated in (V cm −1 ). The plot also gives an overview of the segmentation of the tissues and a qualitative means of evaluating the solution. Each pixel on the colour overlay represents a volume with dimensions of 1.2 × 1.2 × 2.5 mm.
Results
Treatment plans for ECT, GET and IRE
In this study, we produced nine separate treatment plans, three each for ECT, GET and IRE. For each of the treatments, one treatment plan was prepared for four, one for five, and one for six electrodes inserted into and around the target tissue (in the following text referred to by the initials and number indicating the number of electrodes used, e.g. ECT4 for the four electrode electrochemotherapy). While complete tumour volume electroporation was achieved in all nine treatment plans, there were significant differences in both the optimal positions (figure 3) and voltages between the electrodes (table 1) as well as the total electric current (table 2). The fitness functions and coordinates of electrodes are reported in supplementary data table 1 (available from stacks.iop.org/PMB/57/5425/mmedia).
For ECT, 100 % reversible electroporation of tumour was achieved regardless of the number of electrodes used; however, six electrodes proved to be better than five or four as their use caused the least healthy tissue damage (figure 4). The electric pulses delivered between the intratumoral electrodes already reversibly electroporate most of the tumour volume; therefore, lower voltage can be applied by the electrodes positioned around the tumour, causing less healthy tissue damage. With five electrodes, the penetrating electrode always has a partner electrode outside the tumour volume; because fat tissue surrounding the tumour has lower electrical conductivity than the tumour, a lot of the electric energy is 'lost' via the voltage drop across the fat and therefore higher voltages are needed for electroporation, leading to more healthy tissue damage. For the same reason, the four electrodes treatment plan was the worst of the three.
The IRE treatment plans follow the ECT plans closely, with six electrodes being better than five and four being the worst (in all three electrode configurations complete coverage of the tumour was achieved). The voltages required for IRE are significantly higher than for ECT, with the voltages between the penetrating electrodes reaching 3000 V (table 1), the limit of Cliniporator Vitae. Higher voltages also cause more damage to healthy tissue compared to ECT (figure 4). In contrast to ECT and IRE, six electrodes were the worst choice for GET, as their use lead to a large volume of the tumour irreversibly electroporated (supplementary file: cumulative coverage plots available from stacks.iop.org/PMB/57/5425/mmedia), resulting in less gene expression, and four electrodes the best choice with the least tumour damage, but not the least healthy tissue damage (figure 5). In all three GET treatment plans, the four extratumoral electrodes were positioned further away from the tumour than for either ECT or IRE (figure 3). While this leads to less irreversible electroporation of the tumour tissue, the damage to healthy tissue was also bigger. For illustration of the differences, we have chosen to present the ECT 4, ECT 6, GET 4 and IRE 6 in figures 6 and 7 as examples of more and less damage to surrounding tissues. 
Visualization of the treatment plans
To enable a more visual and information rich comparison of the treatment plans, the modelling results can be overlaid over the original CT images (figure 5) and the coverage of the target and critical tissues by electroporation can be presented in the form of cumulative coverage plots (figures 6 and 7). The curves (figure 6) show the fraction of the tumour volume covered by at least a certain magnitude of electric field (similar to the dose-volume histogram used in radiotherapy (Bevilacqua et al 2007) . They can be used to relatively quickly evaluate the robustness of the treatment plan, but lack any spatial anatomical detail. Cumulative coverage curves for all nine treatment plans are available in the supplementary file-cumulative coverage plots available from stacks.iop.org/PMB/57/5425/mmedia. Additionally, the electrode pair contribution graphs indicate the extent of contribution of each electrode pair towards the total coverage of the target tissue. The CT and modelling overlay provides the spatial details and enables the attending physician to determine regions of the target and healthy tissue, where coverage needs to be improved. For example, in figure 5 it is easy to see that the edges of the tumour in ECT5 are covered by a lower electric field than in ECT6, and, in GET4, that the tumour volume closer to the muscle tissue is irreversibly electroporated, while the volume closer to the skin is reversibly electroporated.
Discussion
In recent years electroporation-based treatments have made big steps from the lab into the clinic, with ECT already used for cancer treatment, with three thousand patients treated since SOP were published with success rates over 70% , Campana et al 2008 . As both IRE and GET are also coming closer to clinical use, it is important that the physical part of the treatments-the delivery of electric pulses-is as accurate as possible to give the best chance for complete therapy success. In this study, we demonstrate that the treatment planning procedure originally developed for clinical ECT , Edhemovic et al 2011 is also suitable for treatment planning of IRE and GET, albeit with certain modifications in the form of the fitness function used in the optimization process.
By changing the factors and weights of the fitness function (see equations (2.2)-(2.6) in section 2) the treatment plans obtained for ECT, IRE and GET differ considerably. For both ECT and IRE, the best possible electrode configuration used six electrodes, two of them penetrating through the centre of the tumour. By having the entire source (the cathode and the anode) of the electric field inside the tumour the delivered electric energy stays in the tumour; thereby electroporation is limited almost entirely to the tumour volume. Although our study is limited by a single geometry, it is most probable that having two (or more) electrodes inserted into the tumour is the optimal electrode configuration for ECT or IRE of most large target tissues. The electrodes positioned outside the tumour (but still very close, see figure 3 ) can therefore be used with lower voltages (table 1) with their main function being electroporation of the tumour margins. When only one intratumoral electrode is used, the voltages used on the electrodes outside the tumour have to be higher thereby causing more tissue damage (table 1) . Similar conclusions have been reached in a recent study of intracranial IRE, where positioning electrodes inside the target tissue produced better results (Garcia et al 2010) .
The situation was reversed for GET, with four electrodes being the best option. This was mostly due to irreversible electroporation of the tumour being highly penalized in the fitness function (equation 2.5). A secondary effect of the high penalization was that the outside electrodes were positioned further from the tumour than in ECT and IRE; such positioning caused more healthy tissue damage, but less damage to the tumour that was the designated tissue of transfected gene expression. Although the whole tumour volume is not the only possible target for cancer gene therapy (Heller and Heller 2010) , the positioning of the electrodes further from the target tissue should remain valid in all cases, where the location of target cells can be volumetrically defined, e.g. stromal cell in the bone marrow (Van Damme et al 2002) . In other cases, e.g. when muscle is the target tissue, controlling the volume of reversibly electroporated tissue can also control the amount of gene expression (Bureau et al 2010) , while at the same minimizing damage to the healthy tissue , Hojman et al 2011 .
A second important contribution of this research is the presented visualization approach, which gives a new set of tools for the use in the clinical setting as well as for the electroporation research community. It lends itself to easy automation for high-throughput evaluation of treatment plans, and prepares the setting for the discussion on the fitness functions for a more formalized approach to treatment planning. Furthermore, the visualization tools will allow researchers to revisit the subject of robustness of the treatment plans.
The quality of the treatment plans, however, also depends on the validity of the mathematical model of electroporation used. While the current models take into account the changes in electrical conductivity due to electroporation, and thus considerably improve the prediction of electroporated volumes (Sel et al 2005) , all tissues are considered homogeneous, which might not be the case in reality. In particular, the viable and necrotic regions of large tumours might have different electrical conductivities. Nevertheless, we believe that a homogeneous representation of the tissues is a good approximation of reality and at the same time the best option currently available, as to the best of our knowledge an estimate of electrical heterogeneity of tumours, does not exist so far. It is, however, consistently reported in the literature that the electric conductivity of tumours is higher than that of the surrounding tissue and our previous investigation has shown that treatment planning depends more on the ratio between conductivities of the tumour and surrounding tissues than small variation of conductivity in the target tissue .
Appropriate choice of weights in the fitness function can also significantly influence the quality of the treatment plan; therefore, the weights should be chosen in consultation with the treating medical doctor. When more data from more clinical studies become available, it will be possible to determine a formal way of selecting weights for different electroporation-based treatments, with a high degree of certainty about the quality of the treatment plan. At the moment, the data are not yet available; therefore, we have to rely (only) on critical thinking and knowledge about human physiology.
Our study shows that it is possible to use treatment planning for all three electroporationbased treatments; however, additional research will have to be done before it can be used in for clinical IRE and GET. Namely, the thresholds used in this study are valid only for the case of eight 100 μs pulses (1 Hz repetition frequency) that are currently used in clinical ECT (Sel et al 2005) , while the pulses used in IRE and GET are different: more pulses and higher/lower repetition frequencies are used in IRE , while many different pulse configurations are used in GET (Gehl 2003 , Rols and Teissie 1998 , Bettan et al 2000 , Satkauskas et al 2005 , Tevz et al 2009 , Scheerlinck et al 2004 . Instead of using the maximum electric field achieved in the tissue as the measure of electroporation (figure 4), it would be better to calculate the probability of electroporation due to exposure to electric pulses. Some steps in this direction were taken in recent studies of the effects of pulse number and duration on electroporation (Golberg and Rubinsky 2010, Pucihar et al 2011) . Also, since it has been shown several times that the direction of the field is also importantexposing cells or tissue to an electric field from two perpendicular directions and increasing the level of electroporation compared to a single direction (Faurie et al 2010 , Rebersek et al 2007 , Valic et al 2003 -it would be useful to add directionality to the calculation of the probability.
Conclusions
The method presented here enables accurate planning of the electroporation part of ECT, GET for gene therapy and DNA vaccination and IRE. While fixed-geometry electrodes and standard voltages can provide good guidelines in the treatment of smaller skin tumours (Sersa et al 2011) , we believe that electric field distribution calculations or full treatment planning should be performed before each experiment or clinical treatment of larger target tissues. With all the confounding factors that are currently beyond clinical control, such as the effects of the vascularization on the drug distribution in the target tissues (Sersa et al 2008a , Brown et al 2004 , Jain 1999 or the intrinsic ability of the cells to express the transfected construct (Herweijer and Wolff 2003) , it is vital that the electroporation of the target tissues is achieved with certainty.
